The present study is designed to identify the influences of genetic background to optic nerve 28 regeneration using the two parental strains C57BL/6J and DBA/2J and 7 BXD recombinant 29 inbred strains. To study regeneration in the optic nerve, Pten was knocked down in the retinal 30 ganglion cells using AAV, and a mild inflammatory response was induced by an intravitreal 31 injection of zymosan with CPT-cAMP, and the axons were damaged by optic nerve crush (ONC). 32
Abstract 27
The present study is designed to identify the influences of genetic background to optic nerve 28 regeneration using the two parental strains C57BL/6J and DBA/2J and 7 BXD recombinant 29 inbred strains. To study regeneration in the optic nerve, Pten was knocked down in the retinal 30 ganglion cells using AAV, and a mild inflammatory response was induced by an intravitreal 31 injection of zymosan with CPT-cAMP, and the axons were damaged by optic nerve crush (ONC) . 32
Regenerating axons were labeled by Cholera Toxin B and quantified 14 days after ONC. The 33 number of axons at 0.5 mm and 1 mm from the crush site were counted. In addition, we 34 measured the distance that 5 axons had grown down the nerve and the longest distance a single 35 axon reached. Results showed a considerable amount of differential axonal growth across all 9 36 BXD strains. There was a significant difference (P=0.014 Mann-Whitney U test) in the 37 regenerative capacity in the number of axons reaching 0.5 mm from a low of 1487.6 ± 264.9 38 axons in BXD102 to a high of 4175.8 ± 648.6 axons in BXD29. There were also significant 39 differences (P=0.014 Mann-Whitney U test) in the distance axons traveled, looking at a 40 minimum of 5 axons with the shortest distance was 787.2 ± 46.5µm in BXD102 to a maximum 41 distance of 2025.5 ± 223.3µm in BXD29. These results reveal that genetic background can 42 modulate axonal regeneration and that the BXD strains are a particularly well-suited model 43 system. 44
45

INTRODUCTION 46
Over the last decade, significant advances have been made in approaches to induce regeneration 47 of retinal ganglion cell (RGC) axons through the optic nerve [1] [2] [3] [4] [5] . The regeneration and survival 48 of RGCs is influenced by interactions between multiple cellular processes (for review see [5] [6] [7] ). 49
The number of genes and molecular pathways that modulate the regenerative response in the 50 mammalian optic nerve reveals that induced axonal regeneration (or the lack of regeneration in 51 the normal adult CNS) is a complex trait [1, 2, [8] [9] [10] [11] . Complex traits are controlled by multiple 52 genomic elements, some of which are associated with specific molecular functions and others are 53 believed to be associated with more generalized cellular functions [12] [13] [14] . This complexity of 54 axonal regeneration could be predicted for we know that successful regeneration involves 55 multiple cellular processes. The first is the survival on the injured retinal ganglion cell involving 56 modulating apoptosis [15, 16] , autophagy [1] and response to growth factors [11, [17] [18] [19] . The 57 second necessity for axonal regeneration to occur is the growth of the axon itself down the optic 58 nerve. This includes distinct pathways associated with the axon growth program [20] . The third 59 series of events may be directly related to cellular elements that inhibit axonal growth in the 60 adult CNS that are glial in origin, involving astrocytes [21, 22] , oligodendrocytes [10] or the glial 61 scar [21, 22] . Our goal is to take a systems biology approach to the study of optic nerve 62 regeneration and to treat the process as a complex trait. 63
64
Our working hypothesis is that current regeneration treatments can be influenced by genetic 65 background and within that genetic background are specific genomic elements that can be 66 identified. Our group has used a systems biology approach working with the BXD recombinant 67 inbred strains of mice to define genomic elements affecting the response of the retina to optic 68 nerve damage [23] and to blast injury [24] . The power of the BXD strain set derives from the 69 shuffled genomes of the parental strains (C57BL/6J mice and the DBA/2J mice). Both of the 70 parental strains are fully sequenced and there are over 4.8 million known single nucleotide 71 polymorphisms, deletions, and insertions between them. In the first 102 BXD strains, there are 72 over 7000 break-points in the genomes between the parental strains. All of the BXD strains are 73 fully mapped. This allows for a rapid mapping of phenotypic data onto genomic elements to 74 define loci modulating the phenotype in a quantitative trait analysis [25, 26] . All of these 75 information and powerful bioinformatic tools are available on the GeneNetwork website 76 point at which the counts were taken and was used to calculate the number of axons per 148 millimeter of nerve width. The total number of axons extending distance d in a nerve having a 149 radius of r, was estimated by summing over all sections. Since we used confocal images instead 150 of longitudinal cross sections described in previous studies [3, 4] , the optical resolution in z 151 (0.5µm) was considered as the (thickness of the slide) in the equation. In some strains very few 152 axons were observed 1mm from the crush site, and for this reason we used direct counts of axons 153 as a measure of regeneration. We also measured the distance that 5 axons had grown down the 154 nerve and the longest distance a single axon reached for each nerve from z-stack image of the 155 whole nerve. 156
157
Transfection Efficiency of AAV-shPTEN-GFP: C57BL/6J mice (N=4) and BXD29 mice 158 (N=4) were deeply anesthetized with a mixture of 15 mg/kg of xylazine and 100 mg/kg of 159 ketamine and injected with 2 µl of AAV-shPTEN-GFP into the left eye. Two weeks later, they 160 were deeply anesthetized as described above and perfused through the heart with saline 161 followed by 4% paraformaldehyde in phosphate buffer (pH 7.3). For the retinal flat mounts, 162 the retinas were removed from the globe and rinsed in PBS with 1% Triton X-100, blocked in 163 5% Bovine Serum Albumin (BSA) 1-hour room temperature and placed in primary antibodies 164 RBPMS (Millipore, Cat. # ABN1376) at 1:1000 and GFP (Novus Biologicals, CAT #NB100-165 1770) at 1:1000 4°C overnight. The retinas were rinsed with PBS and placed in secondary 166 antibodies, (Anti-Goat IgG(H+L) CFTM 488A, Sigma, Cat. #SAB4600032 and Alexa Fluor 167 594 AffiniPure Donkey Anti-Guinea, Jackson Immunoresearch, Cat. #706-585-1148) at 168 1:1000 for 1 hour at room temperature. After three washes of 15 minutes each, retinas were 169 flat mounted and cover-slipped using Fuoromount -G (Southern Biotech, Cat. #0100-01) as a 170 mounting medium. Four confocal images were taken in each quadrant at 2 mm away from the 171 optic nerve of each retina. Four retinas from 4 mice of each strain were included. Cell number 172 were determined manually by using the cell counter in ImageJ. RBPMS was used as a marker 173 to label the total number of RGCs [32, 33] Differences in axon counts and regeneration distance were analyzed by Mann-Whitney U test. 189
The differences in transfection efficiency were analyzed by 2-independent sample t-test using The number of axons at 0.5mm and 1mm distal to the crush, is an estimate of the influence of 221 genetic background on the total regenerative effect of the treatment. As can be seen in Figure 2  222 and Figure 4 , there is a considerable difference between strains on the total number of axons 223 reaching 0.5mm and 1.0mm. The strain with the least number of axons in both cases was BXD 224 102. At both distances from the crush site, the strain with the greatest number of axons was 225 BXD29. The difference was significant (P=0.014 Mann-Whitney U test) in the number of 226 regenerated axons reaching 0.5 mm (from a low of 1487.6 ± 264.9 axons in BXD102 to a high of 227 4175.8 ± 648.6 axons in BXD29) from the crush site. There was also a significant difference 228 (P=0.007 Mann-Whitney U test) in the number of axons at 1mm, from a low of 1±0 axons in 229 BXD102 to a high of 12.6 ± 0.6 axons in BXD29. The two strains that displayed the least and 230 most robust (BXD102 and BXD29) regenerative response are illustrated in Figure 3 . 231
232
The total length of a regenerating axon was also measured. This measure may provide an 233 estimate of the rate at which the axon can grow down the injured optic nerve. When we 234 examined axon length there was also a clear difference in growth across the BXD strains ( Figure  235 2, Figure 5 ). In the control animals, virtually no regenerating axons were observed. When we 236 examined the distance a minimum of 5 axons traveled, a significant difference was observed 237 across the BXD strains. The strain with the shortest regenerating 5 axons was BXD102 with a 238 mean distance of 787.2 ± 46.5µm, and the strain with the longest group of 5 axons was BXD29 239 with a mean distance of 2025.5 ± 223.3µm (P=0.014 Mann-Whitney U test). A similar result was 240 observed when examining the distance of the longest single axon traveled in the nerve, with 241 BXD102 having the shortest average distance (1107 ± 40.6µm) and BXD29 the longest (2386.8 242 ± 162.6µm, P=0.014 Mann-Whitney U test). Thus, the ability of axonal regeneration (both the 243 number of regenerating axons and the distance traveled) is affected by the genetic backgrounds 244 in the BXD strains with BXD102 having the least regeneration and BXD29 having the most 245 robust regenerative response. These data revealed that genetic background can have a striking 246 effect on the regenerative capacity of axons within the optic nerve. is axonal regeneration is a differential transfection of the retinas from strain to strain by the 250 AAV-shPTEN-GFP vector. To control for this possibility, we examined the transfection 251 efficiency and level of Pten knock down in the strain with the most robust axon regeneration 252 (BXD29) and another strain with moderate axon regeneration (C57BL/6J). There was no 253 statistically significant difference between the two strains. For the BXD29 strain (n=4) the 254 mean transfection rates was 51.6%±1.3% and for the C57BL/6J strain (n=4) the mean 255 transfection rate was 53.3% ± 1.7% (Figure 6 ), indicating that the difference of regeneration 256 response is not due to different transfection efficiency. 257
258
Potential Contribution of Known Genes Affecting Axon Regeneration BXD Strains: 259
Previous studies have identified a number of genes that affect the ability of axons to regenerate 260 in the injured optic nerve (Table 1) . Using the bioinformatic tools on GeneNetwork, it is 261 possible to define any of the regeneration associated genes that are either differentially 262 expressed forming a cis-QTL in the BXD strains or having non-synonymous SNPs between 263 C57BL/6J and DBA/2J mice. 264
265
The cis-QTL is a QTL that maps to the location of the gene that produces the mRNA or 266 protein. We usually use the LRS (Likelihood Ratio Statistic) score to represent the association 267 or linkage between differences in traits and differences in particular genotype markers or 268 specific genes. While a statistically significant cutoff can only be determined through 269 permutation tests, LRS scores of >17 usually approximate the significance threshold of p<0.05 270 and are worthy of attention [14] . If a cis-QTL has a high LRS score, it is considered that this 271 genetic locus is strongly linked to a certain phenotype and is able to influence the phenotype 272 by regulating this locus. In other words, change of the expression level of this gene will have a 273 higher chance to alter the phenotype, which in our case, is the axonal regeneration. In this 274 process, two regeneration associated genes were identified with cis-QTLs, Fgf2 and Klf9 275 (Table 1) . Only one of these cis-QTLs, Fgf2, is valid. The other, Klf9, contained a difference 276 in the genetic sequences between C57BL/6J and DBA/2J mice at the exact site where the 277 microarray probe binds. This difference in sequence will lead to differential binding of the 278 probe and a false positive LRS score. Thus, there was one cis-QTL (Fgf2) present in the BXD 279 strains that could potentially affect the regenerative response. 280
281
We also examined the BXD strains to define genes with non-synonymous SNPs. A non-282 synonymous SNP between the parent strains (C57BL/6J and DBA/2J) is potentially able to 283 alter the protein structure and function, ultimately leading to the different phenotype. The 284 BXD strains that inherited different alleles may also have different phenotypes. There were 285 eight genes (Mapk10, Rtn4, Ctgf, Tlr2, Rock1, Rock2, Clec7a and Csf2) with non-synonymous 286 SNPs between C57BL/6J and DBA/2J. The SIFT analysis [34] revealed that only two of the 287 eight genes, Mapk10 (JNK3) and Rtn4 (NOGO), had SNPs that was predicted to likely affect 288 protein structure/function (rs36844177 in Mapk10, SIFT=0.01 and rs29465940 in Rtn4, 289 SIFT=0.03). Thus, in the BXD strain set, only three genes known to be associated with axonal 290 regeneration, Fgf2, Mapk10 (JNK3), and Rtn4 (NOGO), are actively different between 291 C57BL/6J and DBA/2J mice and potentially contribute to the different response of axonal 292 regeneration across the BXD strains. the BXD strains in the DoD normal retina datasets housed on GeneNetwork. We also 307 examined transfection efficiency in two strains (BXD29 and C57BL/6J) that respond 308 differently to the regeneration treatment. There was no difference in transfection efficiency 309 between these two strains. Thus, the difference in the axon regeneration we observed between 310 the different BXD strains cannot be explained by the expression levels of Pten in the strains or 311 a differential level of transfection by the AAV2 vector. This leaves only one possibility that 312 the difference in axonal regeneration we observed is due to the specific segregation of 313 genomic elements cross the BXD strains. 314
315
Using the BXD strains we were able to demonstrate the effect of genetic background on the 316 regenerative capacity of axons in the optic nerve. In all strains tested, the amount of regeneration 317 was considerably greater than that observed in mice that did not receive the 318
Pten/Zymosan/cAMP treatment. The regeneration responses of C57BL/6J mice we observed 319
were not as strong as described in other studies, a possible reason could be that we were using 320 AAV-shPTEN-GFP to knock down Pten instead of cre recombinase-mediated Pten knock out. 321
The other factor to be noticed is that the age of mice we used are over 60 days at the time of 322 initial treatment, much older than reported in other studies [3, 4] . This also provides strong 323 evidence that the regeneration response can happen not only in young adult mice but also in 324 older mice. Among the strains treated to promote regeneration, some strains, like BXD102, 325 The figure is a series of photomicrographs from 11 optic nerves selected from 9 different 623 strains of mice. The first two images on the far left are from control mice that did not receive 624 the regeneration treatment prior to optic nerve crush (Control C57BL/6J and Control DBA/2J). 625
All of the remaining nerves were from animals in which Pten was knocked-down and a mild 626 inflammatory response was induced. The strain with the least regeneration was BXD102 and 627 the strain with the greatest regeneration was BXD29. Red asterisks represent the crush site. 
